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Abstract—Source localization is the process of locating a
source of electromagnetic waves or acoustic waves from passive
measurements of the emitted fields made on distributed receivers.
This is an important problem for both military and civilian
applications. The Synthetic Aperture Passive Source Localization
(SAPSL) algorithm combines statistical methods with techniques
from Synthetic-Aperture Radar to attain a high-resolution image
from two receivers. We focus on the case of wave propaga-
tion in a homogeneous medium, sources restricted to lie on a
known surface, and slowly moving sensors. This paper contains
resolution formulas for the SAPSL algorithm for two different
sensor geometries. The first geometry consists of a stationary
isotropic source located between one stationary sensor and one
mobile sensor on a linear path. The second geometry consists of
a stationary isotropic source and two mobile sensors following
each other along a linear path. In both geometries, we make
narrow-aperture assumptions in order to obtain simple resolution
formulas. This paper also presents numerical simulations that
verify the resolution predicted from the formulas.

Index Terms—FDOA, geolocation, source localization, syn-
thetic aperture, TDOA

I. INTRODUCTION

Source Localization is the process of locating a source of
electromagnetic waves or acoustic waves, using data received
by passive receivers on known flight paths. The waves are
assumed to be traveling through a homogeneous medium with
speed c. For the sake of simplicity, the source is assumed to
radiate isotropically. This problem has been studied in detail
for decades because of its extensive uses in both civilian and
military applications.

The problem consists of two parts: 1) detecting the presence
of a common signal in data on two separate receivers and 2)
locating the position of the source of that common signal.
The statistical detection problem 1) has been studied in,
e.g., [1]-[6] in the case where the sources are modeled as
transmitting unknown deterministic signals. This is also the
signal model used in this paper. The localization problem 2)
has been studied in the form of “’two-step methods” in which
time-difference-of-arrival (TDOA) and frequency-difference-
of-arrival (FDOA) curves are computed, and then a system
of nonlinear equations are solved to locate the source [7].
Direct position determination approaches, (e.g., [8]) study both
the statistical problem and the localization problem at once,
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using all of the data in a maximum likelihood estimation for
the position of the source. The Synthetic Aperture Source
Localization (SASL) algorithm developed by Waddington et
al. [9], [10] applies a synthetic-aperture approach to cross-
correlations of signals measured by two distinct sensor plat-
forms. Waddington’s approach, however, requires additional
linearizing assumptions and does not involve statistics.

The SAPSL algorithm developed in [11] and discussed
in this paper uses the generalized likelihood ratio (GLR)
detection statistic developed in [6] along with Synthetic Aper-
ture Radar (SAR) techniques to solve the passive source
localization problem.

In this paper, a general overview of the SAPSL algorithm
is discussed for the case in which the sensor positions are
known and the system is perfectly synchronized in time.
Resolution formulas for two sensor geometries of interest
are presented. The first geometry consists of one stationary
receiver, one mobile receiver following a straight line path,
and an isotropic source positioned between the two receivers.
The second geometry consists of two mobile sensors following
each other in a straight line flight path with an isotropic and
stationary source outside of the path. These geometries are
assumed to be 2D, with the sensors and source positioned at
the same altitude. Numerical simulations are presented that
support the validity of the resolution formulas.

II. IMAGING ALGORITHM

We consider a source, located at an unknown position
T, that is transmitting an unknown waveform of the form
Uz (t) = Re [€™0ag, (t)]. Here, wg = 2 fo is the angular
carrier frequency for the transmitted complex baseband signal
az, (t). We model the transmission of electromagnetic waves
with the scalar wave equation

,
(v~ ) ut2) = ~ott.2) 1)

where ¢ is the speed of light, u(¢, ) is one component
of the electric field and p(t, ) = Vg (t)d(x — x¢) is the
corresponding source distribution. The solution to (1) is
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The signals u are then received by a sensor pair £ and ¢
traveling along known flight paths ~, and ~,. Because the
waves are traveling at the speed of light, it is appropriate to
differentiate between two time scales. As is common in typical
active SAR, we call the scale at which the waves propagate
fast time, and the scale at which the sensors move as slow
time. Since these time scales are vastly different, we make the
“start-stop approximation”, in which we assume the sensors
are stationary while receiving data. We will denote fast time
with the variable ¢ and slow time with the variable s, or just
the index m. Thus the data model becomes, for ¢/ =1, 2,

dim (1)

where gg . (x) = Gyop(x)e”@omem(@®@) r () = w,
Gom(x) = (47 Re ()Y, and Ry () = |T — Y0, |. Here
az(t) is the complex baseband signal transmitted from location
x. We assume all clocks are synchronized perfectly and any
signals transmitted at carrier frequencies other than wy = 27 fj
are lumped in with the noise term.

The SAPSL approach [11] is to form an image using the
following steps.

= Go,m(®0)az, (t — Te,m(x0)) + noise  (3)

1) For each hypothesized source location y, time-shift
the data at each receiver to remove the propagation
effects assuming the source is located at y. We call this
“aligning” the data.

2) Once we align the data, we compute a detection statistic,
namely the generalized likelihood ratio, to determine
the likelihood that a common signal is present at the
different receivers. This likelihood is then plotted as the
image value at pixel y.

3) We repeat this process for each hypothesized source
location y.

To carry out step 1, we calculate the time shift at each
receiver, assuming the source is at y. We then time advance
the data to get the aligned data model

né,’rn(t7 y) dé m(t + Te,m (y)) + noise. (4)

To derive the detection statistic of step 2, we assume that
the noise of (4) is band-limited complex white noise with zero
mean and known variance o; and o9, respectively. We then
formulate two hypotheses, namely Hj, which is that the data
consists only of noise, and H;, which is that the data consists
of noise plus an unknown signal, g¢ mam, common to the
sensors [6]. Here g, (y) is known because y is known. The
likelihoods corresponding to Hy and H; are proportional to

Hy : exp ( > / Tﬂannmdt> : (5)

exp< Z/

where R = diag{o; 02} and where we have assembled
column vectors 1, = (M1,m, N2.m)” and gm = (91.m, 92.m) 7,

with the superscript 7' denoting transpose. Taking the log of
the likelihood ratio, we obtain

v=3 [

—Z/ I R nndt. (6)

m
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Because the waveform ay ., (t) is unknown, a maximum
likelihood estimate for it is first obtained and then substituted
back into (6). After some rearranging [6], [11], we obtain

y)= Y Lorm(y) (7)
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More detail can be found in [4], [6], [11].

The detection statistic (7) can be plotted at location y to
form an image. We note, however, that the diagonal elements
L¢r.m(y) are merely proportional to the signal energy and
thus contain negligible spatial information. Consequently, plot-
ting only the term ) L 2,,(y) provides equivalent spatial
information.

Lo, E Me.myMerm). (8)

III. RESOLUTION

Even though the imaging formula (8) is clearly nonlinear,
it was shown in [11] that resolution, defined in terms of the
width of the point spread function, can be characterized in a
way similar to what is done in typical (active) SAR. In this
section we give a detailed analysis of the resolution, under
the start-stop approximation, for two examples of different
narrow-aperture sensor geometries, which we call Geometry
A and Geometry B.

Geometry A, shown in Fig. 1, consists of one stationary and
one moving sensor, with the source located between the two
sensors. Geometry B, shown in Fig. 2, consists of two sensors
traveling in a straight line, one following the other and the
stationary source is offset from the line.

For these cases, we define “range” to be the vertical axis
and “cross-range” to be the horizontal axis.

The filtered SAPSL image [11] can be modeled as

Ly, z) = / W=k ©)
Q

where y is the hypothesized source location, x is the true
source location, and k is a point in 2,. Details on the
derivation of (9) are given in [11]. We refer to the set €,
as the data collection manifold (DCM); it is determined by
the parameters of the sensors and the source. The DCMs for
Geometry A and B can be seen in Fig. 3a and 3b. Applying
the start-stop approximation to the relevant formulas of [11]
shows each point k € 2, can be calculated by

k=wVr e m(y), (10)
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Fig. 1: How angular aperture is defined in Geometry A.
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Fig. 2: (a) How angular aperture is defined in Geometry B. The black stars
represent the mid-points between the sensors at the circles for slow times 1
and M. (b) How the angle between the sensors is defined.

where
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and Ry,, = y — Yem and T = ﬁ The set €, is
determined by the sensor trajectories, the source location, and
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Fig. 3: The DCMs for each geometry. The dimensions of the DCM are
parameterized by signal characteristics and sensor-source geometry.

the transmitted signal, which we assume to have angular center
frequency wo = 27 fy and angular bandwidth B,, = 27 By.
Under the narrow-aperture assumption on the sensor-source
geometry, the DCM can be approximated by a rectangle. This
is called the rectangular DCM approximation. This allows the
integral in equation (9) to be decomposed as the product

L(y,x) :/ ei(yﬁ“)kldkl/ ev2—w2)b2 gp
(Qy)l (Qy)2

 sinc (W(y12_ xl)) sinc (H(y22_ xz)) ,

where (£2y)1 and (£,)2 denote the projection of 2, onto
the first and second coordinate axes, respectively, and where
diam((2y)1) = W and diam((€y)2) = H. The extents W
and H can be calculated by using equations (10) and (11).
Below we show how to do this for Geometries A and B.

In this paper, we define resolution as the null-to-null width
of the main peak of the sinc functions. These nulls occur when
W(y1 —x1) = £27 and H (y2 —x2) = +27. We denote Aycr
and Ayg as cross-range and range resolution, respectively. We
can thus calculate resolution as

47 47

A = — and Ayp = —.

Ycr W Yr H

In the discussion below, we assume the source is located
at the ori/gin, so that y = 0, and drop this notation. Thus

R&m = Rg’m(O) etc.

12)

13)

A. Resolution for Geometry A

In Geometry A, the unit vector Rg:}m, from the stationary
sensor to the source will point in the same direction for each
slow time . This is the down pointing blue vector in Fig. 4. In
the same figure, we can see that the red unit vectors Ry ,, from
the mobile sensor to the source point in the opposite direction
of Ry ,,. Hence, for the entire narrow aperture (i.e., all m),
the vector Vg ¢/ ,, will point roughly vertically and will have
length approximately 2/c for each m. Thus the vertical (range)
extent is approximately

H =2B,/c. (14)
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Fig. 4: Unit vectors for Geometry A. The difference of these vectors multiplied
by 1/c form V7 g1 .

The cross-range (horizontal) extent is determined by the
synthetic aperture. In cross-range, we have
W = wy |(V7’u/,1 - VTZ,Z/,M)1| , (15)
where the center angular frequency wq is chosen arbitrarily,
since the DCM is parametrized by slow-time in cross-range.
The slow-time steps m = 1, M are chosen because the angle
between these first and last vectors is the aperture angle 6 4.
Equation (15) reduces to
wo | (5 ~
W= |(Reas — Rea) |- (16)
c 1
Since the geometry is symmetric, we have Ry pr = Ro1 = Ry.
Hence,

_ bl

= 17
1\ B, a7

[
where |v| represents the length of the mobile path in cross-
range. Splitting the equilateral triangle shown in Fig. 1 into
two right triangles, we find that each satisfies

. [0a 1v]/2
— | = 18
sm( 2) Ry’ (18)
which implies
2 2 0 0
W:ZM:ﬂsin va)  wobla (19)
cRy c 2 c

where we have used the small-angle approximation to obtain
the last expression.

Thus from (13), (14), and (19), we obtain the resolution for
geometry A as
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Fig. 5: a) Differences between unit vectors for Geometry B and b) the
corresponding TDOA gradients for the first and last looks. The difference

of unit vectors from each sensor to the source is a vector pointing to the right
in this geometry, which is why the DCM is rotated by 90°.

B. Resolution for Geometry B

For Geometry B, we see in Fig. 2a that both vectors from
the sensors to the source are generally pointing upwards. The
corresponding unit vectors, for a fixed sensor location, are
shown in Fig. 5a. The difference between these vectors, which
is the green vector in Fig. 5a, thus points generally horizontally
to the right if sensor ¢’ is to the right of sensor ¢. When
the angle ¢ between the sensors is small, the length of the
green vector .R&m - R@/,m is approximately ¢ (measured in
radians) meters. Thus |V7y | &~ ¢/c. This means that the
horizontal extent W of the DCM is obtained as the interval of
k1 = w|VTe | = we/c, as w varies over the angular frequency
band. Thus

W = B,¢/c = 2nBso/c. @21)

The vertical extent of the DCM is obtained from the
motion of the sensors. As they move along their trajectory
(the green line in Fig. 2), the directions of the unit vectors
Ry, and Ry ,, rotate. The extent of this rotation is shown
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Fig. 6: This figure illustrates that the simulations align with the theoretical
formulas derived in this paper. The red markers show where the first nulls
should occur based on the theoretical formulas.
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Fig. 7: This figure illustrates that the simulations align with the theoretical
formulas derived in this paper. The red markers show where the first nulls
should occur based on the theoretical formulas.

in Fig. 5b for the case of sensors moving left to right.
Because the trajectory of Fig. 2 subtends an angle 0p, the
vectors V1pp = (R; — Rp)/c (which are approximately
perpendicular to ﬁg) also move through the angle 6. For
small angles 6p, therefore, the vertical extent of the vertical
line in Fig. 5b is approximately V7 ¢0p. Thus the vertical
extent H of the set {k ~ woV 7, m}, as m varies from 1 to
M, is approximately

HZW0¢93/C. (22)

With formulas (13), (21), and (22), we obtain the Geometry
B resolution

2¢c 2¢c
_ and Ayr = .
B R F0ne

IV. NUMERICAL SIMULATIONS

Aycr = (23)

We ran simulations to provide numerical support for the
theoretical resolution formulas. For both geometries, a chirp
signal with bandwidth 50 MHz was used as the transmitted
signal. The mobile sensor(s) created an aperture of 0.1 radians.
The formulas predict Aycgr =~ 2.5m and Ayr ~ 6m for
Geometry A while Aycr ~ 120m and Aygr = 25m for Ge-
ometry B. Fig. 6 and 7 show that the simulations confirm the
theoretical formulas for both Geometry A and B, respectively.
The red x’s in the images are plotted where the first nulls
should be.

V. CONCLUSIONS

In this article we have derived resolution formulas for
the Synthetic Aperture Passive Source Localization (SAPSL)
algorithm for two geometries of interest. We consider only the
case of slowly moving sensors and narrow angular apertures.

Here resolution is defined as the null-to-null width of the
point spread function (PSF) of the SAPSL method. The width
of the PSF is determined by the dimensions of the set of spatial
Fourier components. We have shown that the dimensions of
this set depend on the angular extent of the sensor-source
geometry and on the characteristics of the emitted signal.

We also provided numerical simulations that verify the
resolution predicted from the formulas.
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